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The reward circuitry of the brain consists of neurons that synaptically connect a wide variety of nuclei.
Of these brain regions, the ventral tegmental area (VTA) and the nucleus accumbens (NAc) play
central roles in the processing of rewarding environmental stimuli and in drug addiction. The
psychoactive properties of marijuana are mediated by the active constituent, D9-THC, interacting
primarily with CB1 cannabinoid receptors in a large number of brain areas. However, it is the
activation of these receptors located within the central brain reward circuits that is thought to play
an important role in sustaining the self-administration of marijuana in humans, and in mediating the
anxiolytic and pleasurable effects of the drug. Here we describe the cellular circuitry of the VTA and
the NAc, define the sites within these areas at which cannabinoids alter synaptic processes, and discuss
the relevance of these actions to the regulation of reinforcement and reward. In addition, we compare
the effects of D9-THC with those of other commonly abused drugs on these reward circuits, and we
discuss the roles that endogenous cannabinoids may play within these brain pathways, and their
possible involvement in regulating ongoing brain function, independently of marijuana consumption.
We conclude that, whereas D9-THC alters the activity of these central reward pathways in a manner
that is consistent with other abused drugs, the cellular mechanism through which this occurs is likely
different, relying upon the combined regulation of several afferent pathways to the VTA.
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Introduction

Marijuana (Cannabis sativa) intoxication is a complex

phenomenon involving many physiological systems. Whereas

tachycardia, hypothermia, analgesia, and the appetite-enhan-

cing effects of the drug are mediated by central and peripheral

mechanisms regulating autonomic and phylogenetically pri-

mitive physiological states, clear effects are also observed

upon close examination of higher brain function. Among the

best known of these actions is the ability of marijuana, and

congeners of its active ingredient, D9-tetrahydrocannabinol

(D9-THC), to disrupt sensory processing and learning and

memory in animals and humans (Deadwyler et al., 1990;

Hampson & Deadwyler, 1999; Sullivan, 2000). However, the

pharmacological properties of marijuana that undoubtedly

sustain its use in humans are the sense of euphoria and well

being that are produced. In fact, this ‘high’ along with the

sense of relaxation produced by marijuana are among the most

often cited properties of the drug in subjective human reports

(Green et al., 2003). It is likely that the euphorigenic properties

of marijuana, and virtually all other abused drugs, result from

interactions with the brain’s intrinsic ‘reward circuitry’ that

has evolved so that pleasure may be found in environmental

stimuli possessing survival value (i.e. food, water, social

interaction, sex) (Wise, 1996; Gardner, 2002).

The actions of marijuana, its primary psychoactive active

ingredient D9-THC, and more potent synthetic analogs

(collectively known as ‘cannabinoids’) on the brain reward

circuitry is the subject of this review. In addition, because

the largest impediment to the development of therapeutic

cannabinoid medications in the U.S.A. is the occurrence of

untoward cognitive and euphoric side effects of these drugs,

understanding the mechanisms through which these actions

occur is essential to developing rational approaches to

medication development.

The psychoactive D9-THC was isolated and identified from

the concentrated resins of the marijuana plant (hashish) in the

early 1960s (Gaoni & Mechoulam, 1964). However, it was

nearly 30 years after this discovery that a binding site that

interacted with D9-THC was cloned from brain and identified

as the cannabinoid CB1 receptor (Matsuda et al., 1990).

Although CB1 and the subsequently identified CB2 receptors

are both members of a seven-transmembrane spanning class

that couple to inhibitory Gi/Go proteins, only the CB1 receptor

is normally found in the CNS (Pertwee, 1997). Furthermore,

although CB1 and CB2 represent the only cannabinoid

receptors cloned to date, there is pharmacological evidence

to suggest the existence of at least one novel, yet uncloned,

cannabinoid receptor in the brain (Breivogel et al., 2001; Hajos

et al., 2001; Hajos & Freund, 2002). The CB1 receptor is

located in brain areas known to mediate the effects of D9-THC
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(Herkenham et al., 1990; 1991; Hohmann & Herkenham,

2000), where it is coupled to several signal transduction

mechanisms, including the activation of potassium channels,

the inhibition of voltage-dependent calcium channels, the

inhibition of adenylyl cyclase, and the activation of MAP

kinase (Bidaut-Russell et al., 1990; Henry & Chavkin, 1995;

Twitchell et al., 1997; Hoffman & Lupica, 2000). Following the

identification of the CB1 receptor, several naturally occurring

lipid agonists were discovered in brain tissue, which are now

known as endocannabinoids. Whereas the list of lipid

molecules that bind to cannabinoid receptors continues to

grow, the best understood are the arachidonic acid-containing

lipids known as anandamide and 2-arachidonylglycerol

(Mechoulam et al., 1998). Distinct physiological roles in which

endocannabinoids act as ‘retrograde messengers’ have been

described in several brain regions, including the NAc and VTA

(Robbe et al., 2002; Melis et al., 2004). In this capacity,

endocannabinoids that are released from postsynaptic neurons

upon depolarization activate presynaptic CB1 receptors and

inhibit neurotransmitter release. This suggests that the

endocannabinoid system may play additional important roles

in the regulation of ongoing synaptic brain function (Alger,

2002; Wilson & Nicoll, 2002).

Cannabis and brain reward circuits

Smoked marijuana produces subjective feelings of well being

and euphoria in humans, which are blocked by the CB1

receptor antagonist SR141716A (rimonabant) (Rinaldi-

Carmona et al., 1994), suggesting that many, if not all, of

the psychological properties of the drug are mediated by these

receptors (Huestis et al., 2001). Furthermore, because the

pleasurable subjective effects of this drug are thought to

contribute to its use in humans, similarities between the actions

of D9-THC and other commonly abused drugs on brain

circuitry underlying reward and reinforcement processes have

been investigated. The central neuronal circuits known to be

involved in mediating the rewarding aspects of most abused

drugs originate with a subgroup of dopamine (DA) neurons

located in an area of the mesencephalon known as the ventral

tegmental area (VTA, Figure 1). These DA neurons possess

axons that target GABAergic medium spiny neurons located

rostrally in an area of the limbic forebrain known as the

ventral striatum or nucleus accumbens (NAc), as well as

neurons in the frontal cortex (Wise & Bozarth, 1984; 1985;

Gardner, 2002). The VTA also contains at least two additional

neuronal phenotypes that are not DAergic (Cameron et al.,

1997). A substantial number of these non-DA neurons are

GABAergic and their output forms substantial and discrete

projections to the NAc (Van Bockstaele & Pickel, 1995), and

the prefrontal cortex (Carr & Sesack, 2000). In addition, since

it is well established that VTA DA neurons are also inhibited

by local circuit GABAergic axon terminals, it is possible that

these same GABA projection neurons also locally synapse

on DA neurons via axon collaterals (Johnson & North, 1992;

Steffensen et al., 1998). In addition to these diverse outputs,

the VTA also receives input from a large array of brain nuclei

that are involved in integrating sensory information and motor

output (e.g. glutamatergic inputs from the medial prefrontal

cortex, amygdala, pedunculopontine nucleus, and the sub-

thalamic nucleus), whereas the NAc also sends reward-relevant

information to the ventral globus pallidus (VP). In addition,

the VTA, NAc, and VP are interconnected via reciprocal axon

collaterals that are critical for the performance of reward-

relevant behaviors. In recent years, it has become clear that

these brain reward nuclei also receive glutamatergic and

GABAergic inputs, whose functional integrity is necessary

to observe drug-related reward behavior (Carlezon & Wise,

1996a, b).

Reward-relevant behavioral effects of
cannabinoids

A variety of behavioral assays are used to determine the

rewarding or reinforcing properties of commonly abused drugs

(for reviews, see Bardo, 1998; Gardner & Vorel, 1998;

Gardner, 2002). In general, behavioral assays in animals that

have high validity and predictability for the rewarding po-

tential of drugs in humans have demonstrated that D9-THC

and other cannabinoids act upon reward substrates in a

manner that is consistent with other abused drugs. For

example, it is now well established that cannabinoids support

conditioned place preference (CPP) in animals, seemingly

through the activation of CB1 receptors, since the antagonist

SR141716A can reverse this effect (Gardner, 2002; Tanda &

Goldberg, 2003). Another assay of the rewarding effects of

pharmacological agents is the self-administration (SA) para-

digm. As SA requires the animal to freely exhibit an operant

response in order to receive intravenous, or intracranial,

injections of a drug, it is thought to have a great deal of

Figure 1 Simplified schematic demonstrating the known cellular
components involved in mediating cannabinoid actions in the
VTA. Presynaptic cannabinoid CB1 receptor locations are based
upon electrophysiological studies cited in the text. MOR, m opioid
receptor; DA, dopamine; endoCB, endocannabinoid; NAc, nucleus
accumbens. Note that the extrinsic GABAergic input originating in
the NAc provides input to GABAB receptors located on DA
neurons, whereas input to GABAA receptors is derived from GABA
neurons thought to be intrinsic to the VTA. Also note the
hypothetical location of an enkephalin containing input to the
intrinsic GABA neuron, present to account for data demonstrating
that the MOR antagonist, naloxone, can block the effects of
D9-THC in vivo. It is speculated that D9-THC may somehow act to
enhance enkephalinergic input to the intrinsic GABA neurons,
thereby decreasing GABA release, and enhancing DA neuron
activity.
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validity in its ability to emulate human drug SA (Gardner,

2002; Tanda & Goldberg, 2003). More simply, the paradigm

can provide information as to drug preferences exhibited by

animals that can be compared to those exhibited by humans.

For many years, it appeared that D9-THC did not support

SA in laboratory animals (for a review, see Tanda & Goldberg,

2003). However, when carefully controlled studies were

performed in which close attention was paid to the dose, the

vehicle in which it was dissolved, and the speed at which

D9-THC injections were delivered, it was found that robust

SA could be maintained in non-human primates at doses

comparable to those obtained from smoked marijuana (Tanda

et al., 2000; Tanda & Goldberg, 2003). In addition, this same

study demonstrated that the operant responses required to

receive D9-THC injections could be extinguished when the CB1

antagonist SR141617A was co-administered with the agonist.

Consistent with the actions of many other abused drugs,

D9-THC can also lower the threshold for intracranial electrical

brain self-stimulation (ICSS) of the medial forebrain bundle

in animals (Gardner & Lowinson, 1991). In general, there is a

strong positive correlation between a drug’s ability to increase

NAc DA accumulation, its ability to support SA, and its

threshold-lowering effect on ICSS. Furthermore, because

animals will also readily generate operant responses for the

opportunity for ICSS, and because this stimulation activates

DA neuron axons projecting to the NAc, the threshold-

lowering effect of D9-THC on this phenomenon is interpreted

to indicate clear rewarding effects of the drug on the central

VTA-NAc circuitry (Gardner, 2002).

Physiology of cannabinoids in reward circuits:
modulation of DA function in the VTA

As described above, ample behavioral, biochemical, and

pharmacological evidence indicates that marijuana and other

cannabinoids act upon the central drug reward circuitry in the

mammalian brain. One of the hallmarks of this action for

other abused drugs is the ability to increase DA function in the

axon terminal regions of the VTA DA neurons (Di Chiara &

Imperato, 1988). Some drugs, such as cocaine, increase DA

levels in the NAc by inhibiting the DA transporter, whereas

amphetamine shares this mechanism with cocaine, but also

initiates the release of DA in the NAc. In contrast, heroin,

morphine and other opioids appear to increase the activity

of DA neurons in the VTA via the activation of m opioid

receptors located on GABAergic axon terminals, inhibiting

GABA release onto these cells (Johnson & North, 1992). The

inhibition of inhibitory neurotransmitter release, referred to as

‘disinhibition’, is a common theme throughout the CNS, and

it represents a mechanism to globally increase the spontaneous

activity of principal neurons via local circuit interactions.

With the intent of examining the actions of cannabinoids on

reward circuitry in the context of other abused drugs,

researchers have studied the ability of D9-THC to increase

DA function in the NAc, and its ability to alter DA neuron

activity in the VTA (Figure 1). Early studies demonstrated that

i.v. administration of D9-THC, at concentrations that en-

hanced ICSS, could increase the concentration of DA in the

NAc, as measured by microdialysis in freely moving rats, and

by electrochemistry (Ng Cheong Ton et al., 1988; Chen et al.,

1990). This augmentation of DA release in the NAc was

blocked by the sodium channel blocker tetrodotoxin, by

removing calcium from the dialysis perfusate, and by systemic

injection of the opioid receptor antagonist naloxone (Chen

et al., 1990). A subsequent study replicated these effects of

D9-THC, and further demonstrated that the synthetic cannabi-

noid agonist WIN55,212-2 also increased NAc DA release that

was blocked by systemic injection of either the CB1 antagonist

SR141716A, or the opioid receptor antagonist naloxone, or by

the selective m1 opioid receptor antagonist, naloxonazine,

infused into the VTA (Tanda et al., 1997). It should be noted

here that systemic naloxone also attenuates the enhancement

of ICSS caused by D9-THC (Gardner & Lowinson, 1991).

Collectively, these data provided evidence that, like other

abused drugs, D9-THC enhances DA function in the NAc

through action potential- and calcium-dependent mechanisms,

but also demonstrates that endogenous opioids in the VTA are

somehow involved. Whereas these studies provided a wealth

of information and placed the effects of D9-THC on a similar

footing as other psychoactive drugs, the specific mechanism of

the DA-enhancing effect of the cannabinoids was not

identified.

As indicated above, drugs such as heroin and morphine

appear to act within the VTA itself to increase DA neuron

activity, leading to the enhancement of extracellular DA

concentrations in the NAc. To evaluate this possibility, the

effects of D9-THC and other cannabinoid receptor agonists

were examined in several laboratories using single-unit

electrophysiological recordings from neurons in the rodent

VTA. These studies demonstrated that D9-THC and the more

potent and efficacious cannabinoid receptor agonists

WIN55,212-2, HU210, and CP55940 increased neuronal firing

rates in anesthetized and unanesthetized rats (French et al.,

1997; Gessa et al., 1998; Wu & French, 2000), as well as in

brain slices containing the VTA (Cheer et al., 2000). Also

noteworthy in these studies were the observations that the

cannabinoid effects could be blocked with the CB1 receptor

antagonist SR141716A, and that the increase in average

DA neuron-firing rate was accompanied by an increase

in DA neuron burst activity (French et al., 1997; Diana

et al., 1998), which is associated with a more efficacious

terminal release of DA than a simple increase in firing rate

alone (Gonon, 1988).

Together, these studies suggest that the cannabinoid-

induced increase in DA accumulation in the NAc may result

from an increase in DA neuron firing and burst rates as a

result of CB1 receptor activation. Furthermore, the increased

activity of VTA DA neurons caused by the agonist HU210 in

brain slices (Cheer et al., 2000) implies that the cannabinoids

must act either directly upon the DA neurons themselves

(which is unlikely, given the absence of cannabinoid receptors

on these neurons; Herkenham et al., 1991), or upon the local

circuitry of the VTA to increase DA neuron activity. In fact,

this study also reported that prior application of the GABAA

receptor antagonist, bicuculline, blocked the excitatory effect

of HU210 (Cheer et al., 2000), suggesting that, like opioid

receptors (Johnson & North, 1992), CB1 receptors may

increase DA neuron activity via a local disinhibitory mechan-

ism. This hypothesis has recently gained more direct support

with the finding that WIN55,212-2 application in brain slices

containing the VTA could reduce electrically evoked inhibitory

postsynaptic currents (IPSCs) mediated by the activation of

GABAA receptors (Szabo et al., 2002). Furthermore, this effect
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appeared to be mediated by CB1 receptors located on the

inhibitory terminals of GABAergic neurons intrinsic to the

VTA, since it was blocked by SR141716A and was not

observed with ion currents evoked by dendritic application of

the GABAA receptor agonist muscimol (Szabo et al., 2002). In

addition, miniature spontaneously occurring IPSCs that were

resistant to tetrodotoxin were also unaffected by WIN55,212-2,

further suggesting that this drug did not act postsynaptically to

diminish GABAergic IPSCs. Since the presynaptic inhibition

of neurotransmitter release is one of the most frequently

observed and best characterized effects of CB1 receptor

activation in the CNS (Hoffman & Lupica, 2000; 2001;

Schlicker & Kathmann, 2001; Hoffman et al., 2003b), and

subpopulations of GABAergic terminals throughout the CNS

are densely populated by CB1 receptors (Freund et al., 2003),

it is perhaps not surprising that this effect was observed.

However, it is also worth noting in this context that the VTA

contains a heterogeneous population of at least three distinct

neuron subtypes, only one of which is clearly DAergic

(Cameron et al., 1997). The study by Szabo et al. (2002) did

not sufficiently characterize the neurons to permit conclusions

as to their DAergic identity, thereby precluding an unambi-

guous conclusion as to the disinhibitory mechanism of

cannabinoids on DA neurons in the VTA. In addition to this

potential caveat, the following observations argue for more

complex interactions between cannabinoids and DA neurons,

possibly involving the modulation of additional neuronal

circuits either within the VTA, or extrinsic projections to this

structure. First, the ability of systemic cannabinoids to

increase extracellular DA concentrations in the NAc is

reversed by systemic and intra-VTA opioid antagonist admin-

istration (Chen et al., 1990; Tanda et al., 1997), but the

increase in DA neuron-firing rates caused by D9-THC are not

(French, 1997). Second, the direct infusion of D9-THC into the

VTA does not increase DA accumulation in the NAc (Chen

et al., 1993). Third, it has recently been demonstrated that

synthetic cannabinoid agonists and endocannabinoids, acting

in a retrograde manner, can also inhibit glutamate release onto

neurons in the VTA in vitro (Melis et al., 2004), which would

tend to diminish the excitatory input to DA neurons in the

VTA and reduce the probability of bursting (Johnson et al.,

1992; Kitai et al., 1999). Finally, preliminary data from our

laboratory indicate that CB1 receptors are also located on

GABAergic terminals believed to originate from NAc medium

spiny output neurons (Walaas & Fonnum, 1980; Heimer et al.,

1991) that target GABAB receptors on DA neurons in the

VTA (Sugita et al., 1992), suggesting a second possible

disinhibitory mechanism (Riegel et al., 2003). This latter

study, taken together with that of Szabo et al. (2002), implies

that cannabinoids acting at CB1 receptors can inhibit the

release of GABA in the VTA that is derived from both

intrinsic and extrinsic sources, and further that the inputs from

the NAc to the VTA may represent a critical pathway for the

expression of cannabinoid reward. Collectively, the studies

examining the effects of cannabinoids on VTA DA neurons

suggest that, whereas the activation of CB1 receptors within

the VTA may account for some of the reward-relevant aspects

of cannabinoid exposure, additional sites both within and

external to this critical brain structure must also be considered.

In particular, it is intriguing to speculate that a functional

opioid pathway that inhibits intrinsic GABA neurons that

normally regulate DA neuron firing may be present, and

cannabinoids somehow act to increase this opioidergic inhibi-

tion of GABA release onto the DA neurons (e.g. Figure 1).

However, in order to account for the absence of an effect

of naloxone on the spontaneous firing and bursting rates of

DA neurons in vivo (French, 1997), it is necessary to propose

that redundant mechanisms that do not involve an opioid

component may exist to regulate DA neuron excitability. It

may be that the effects of cannabinoids on the net VTA DA

neuron output depend upon the relative contribution of several

neurotransmitter systems (e.g. intrinsic and extrinsic GABAer-

gic, glutamatergic and opioidergic pathways) at a given time

and under specific behavioral conditions that involve the

activation of these pathways. For example, the activation of

CB1 receptors located on inputs to the VTA DA neurons

may only be relevant to an increase in DA neuron firing

when the appropriate GABAergic and glutamatergic

afferents to the VTA are activated under specific behavioral

conditions (e.g. during increased NAc and cortical output to

the VTA). Similarly, presumed activation of endogenous

opioidergic inputs to the inhibitory neurons that impinge

upon the VTA DA neurons may require a specific environ-

mental or behavioral stimulus. Clearly, more data are

needed before firm conclusions regarding the effects of

cannabinoids and their activation of DA neurons in the

VTA can be reached.

Physiology of cannabinoids in reward circuits:
modulation of DA-independent function in the
NAc

As mentioned above, the NAc represents a brain area that

is critical to the expression of the rewarding and addictive

properties of several classes of abused drugs (Wise & Bozarth,

1987; Zahm, 2000). In recent years, it has become apparent

that many of these abused drugs have direct effects on synaptic

processes in reward-relevant brain areas, including the NAc

that may not rely upon DAergic neurotransmission. In fact,

several of these drugs, including opioids, psychomotor

stimulants, and phencyclidine (PCP), are self-administered

by animals directly into the NAc (Carlezon & Wise, 1996b;

McBride et al., 1999). In addition, many of these drugs have

been shown to inhibit GABA and glutamate synaptic

transmission in the NAc, either by pre- or postsynaptic

mechanisms (Harvey & Lacey, 1997; Martin et al., 1997;

Chieng & Williams, 1998; Nicola & Malenka, 1998). Based

upon these observations, we have hypothesized that at least

part of the rewarding actions of these drugs may be mediated

via direct interactions with the NAc neuronal circuitry

(Figure 2), and we have studied the acute effects of

cannabinoid agonists on neurotransmitter release in brain

slices containing the NAc (Hoffman & Lupica, 2001). This

study demonstrated that WIN55,212-2 could reduce GABA

release onto medium spiny projection neurons in the rat NAc

via the activation of CB1 receptors located on inhibitory axon

terminals (Hoffman & Lupica, 2001). A subsequent study

verified these findings in the mouse NAc, and demonstrated

that the presynaptic inhibition of GABA release could also be

observed with the cannabinoid agonist CP55940 (Manzoni &

Bockaert, 2001). As the GABAergic medium spiny projection

neurons in the dorsal and ventral striatum (NAc) are thought
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to receive GABAergic inputs from intrinsic interneurons

(Koós & Tepper, 1999), as well as via interconnections from

recurrent axon collaterals (Plenz, 2003), it is unclear whether

CB1 receptors inhibit GABA release from one or both sources

(Figure 2). However, the net effect of the inhibition of GABA

release by D9-THC and other cannabinoid drugs onto medium

spiny projection neurons in the NAc might be the disinhibition

of this GABAergic output to the VTA and other target

structures (Figure 2). However, this situation is made more

complicated by the finding that glutamate release onto NAc

medium spiny neurons is also inhibited by cannabinoid

agonists, apparently as a result of the activation of CB1

receptors coupled to voltage-dependent Kþ channels in the

glutamatergic nerve terminals (Robbe et al., 2001). Since the

glutamatergic afferents to the NAc are thought to arise from

neurons in the prefrontal cortex, it was hypothesized by Robbe

et al. (2001) that the reduction of glutamatergic input to the

NAc by CB1 receptor activation would reduce the excitation

of GABAergic NAc medium spiny neurons projecting to DA

neurons in the VTA, and thereby decrease the inhibition of the

DA neurons. However, these data, considered with those

above demonstrating that robust inhibition of GABA release

onto these same neurons is a consequence of CB1 receptor

activation in the NAc (Hoffman & Lupica, 2001; Manzoni &

Bockaert, 2001), suggest that a more complex interaction must

explain the rewarding properties of D9-THC. Again, the

relative contribution of the CB1 receptor modulation of

GABAergic and glutamatergic synaptic transmission to the

output of the NAc might rely upon the circumstances under

which each system predominates.

Physiology of cannabinoids in reward circuits:
endocannabinoid-dependent synaptic plasticity
in the NAc

A long-term change in synaptic transmission resulting from

prior drug experience represents an attractive mechanism to

explain some of the changes in neural circuits that may occur

during recreational and compulsive drug use (Gerdeman et al.,

2003). In this view, abused drugs are thought to usurp brain

mechanisms that have evolved to support beneficial forms

of synaptic plasticity, such as those that occur during learning

and memory (Gerdeman et al., 2003). In keeping with this

hypothesis, several recent studies have demonstrated that

synaptic plasticity in brain reward circuits can be by initiated

or modified by commonly abused drugs (Thomas et al., 2001;

Robbe et al., 2002; Saal et al., 2003).

Shortly after the discovery of a role for endocannabinoids

in the regulation of synaptic transmission (Wilson & Nicoll,

2001), it was reported that endocannabinoids and functional

CB1 receptors were required to observe the long-term

depression (LTD) of glutamatergic cortical synaptic inputs to

dorsal striatal medium spiny neurons following high-frequency

(100 Hz, 1 s) stimulation (Gerdeman et al., 2002). Later, this

phenomenon was also described in the NAc following low-

frequency stimulation (13 Hz, 10 min), where it was addition-

ally shown that endocannabinoid release was secondary to the

activation of type 5 metabotropic glutamate receptors, and

an increase in postsynaptic Ca2þ in medium spiny neurons

(Robbe et al., 2002). Together, these studies demonstrated

that CB1 receptors and retrograde endocannabinoid signaling

were required to observe LTD in the dorsal and ventral

striatum. Although the precise role that LTD plays in

regulating the function of the dorsal and ventral striatum is

not presently known, it has been speculated that the long-term

changes in synaptic efficacy mediated by this system may be

involved in communicating enduring information as to reward

salience, and in the establishment of motor habits associated

with compulsive drug use (Gerdeman et al., 2003). In a further

effort to evaluate the possible relevance of LTD to enduring

changes in brain reward circuitry, we examined the effects of

chronic exposure to D9-THC on synaptic function and

plasticity in the NAc (Hoffman et al., 2003a). As mentioned

above, CB1 receptors are located on both GABAergic and

glutamatergic axon terminals in the NAc, where they inhibit

the release of each of these neurotransmitters. However,

following in vivo treatment with D9-THC for 1 week, the

inhibition of glutamatergic and GABAergic synaptic trans-

mission by WIN55,212-2 was greatly diminished, confirming

CB1 receptor tolerance (Hoffman et al., 2003a). In addition, the

normally robust inhibition of glutamate release by m opioid

receptor activation was also greatly diminished following

chronic D9-THC treatment, indicating that cross-tolerance had

developed at m opioid receptors in the NAc. When endocan-

nabinoid-dependent LTD was examined in the NAc, we found

that this form of synaptic plasticity was blocked following

chronic D9-THC exposure, possibly as a result of CB1 receptor

tolerance (Hoffman et al., 2003a). A more recent brief

communication has shown that, 24 h following a single in vivo

injection of D9-THC, endocannabinoid-dependent LTD in the

NAc and LTD at inhibitory synapses in the hippocampus were

blocked (Mato et al., 2004), suggesting that alterations in

synaptic plasticity resulting from D9-THC can occur very

Figure 2 Simplified schematic demonstrating sites of presynaptic
cannabinoid action in the NAc. Abbreviations: MSN, medium spiny
neuron. Note that MSNs are shown receiving GABAergic inputs
from both axon collaterals (black connections), and from a GABA
neuron intrinsic to the NAc. CB1Rs are shown located on both
MSN collaterals, and on intrinsic GABA neuron terminals,
although the actual location of these receptors on these precise
inhibitory elements in the NAc has not been resolved. The strong
cortical glutamatergic input to the intrinsic GABA neurons that is
thought to drive feed-forward inhibition of the MSNs is not shown.
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rapidly, and in brain regions other than those directly involved

in mediating drug reward. Together, these data suggested that

tolerance at CB1 receptors resulting from prior exposure to

D9-THC is sufficient to explain both the diminished inhibitory

presynaptic actions of WIN55,212-2 on neurotransmitter

release, and the elimination of the endocannabinoid-mediated

LTD in the NAc. In addition, cross-tolerance between CB1

and m opioid receptors was observed, further demonstrating

that these two systems interact within this reward pathway,

and suggesting that the NAc may be another critical site to

observe opioid–cannabinoid interactions in reward pathways.

Future studies will focus on the significance of synaptic

plasticity in reward-relevant circuits to determine whether the

cellular adaptations resulting from prior D9-THC exposure

play a significant role in drug use and addiction.

Conclusion

The euphorigenic and anxiolytic properties of marijuana and

hashish have been appreciated by man for centuries. However,

it has not been until recent times that we have acquired the

experimental tools to evaluate the substrates upon which

the pharmacologically active constituents of the drug act

upon the brain. With the discovery of endogenous ligands

possessing biological activity at cannabinoid receptors, and the

recognition of their abilities to initiate relatively enduring

changes in synaptic processes, an entirely new avenue of

exploration has been revealed in which these endocannabi-

noids may play important fundamental roles in regulating

ongoing brain function. Superimposed on the expansion of our

knowledge of the basic neurobiology of endocannabinoids is

the increasing understanding of the consequences of acute and

prolonged recreational use of marijuana. It is now clear that

D9-THC has effects on core brain reward circuits that are

fundamentally similar to those other abused drugs, although

the exact mechanisms may differ. In addition, it is now clear

that, like other abused drugs, animals will ‘work’ to be given

the opportunity to self-administer D9-THC.

Thus far, a unifying theme in the mechanisms of acute

cannabinoid action in the brain has been that of presynaptic

inhibition. Since the NAc, and to a larger extent the VTA,

receives afferents from a large variety of brain regions, it will

be important to determine the effects of cannabinoids on each

of these pathways, and to take into account the relative

activation of these pathways during cannabinoid consumption.

Unfortunately, at present, the most sensitive techniques for

resolving pre- versus postsynaptic effects of pharmacological

agents rely upon in vitro brain slice studies in which afferent

connections cannot be accurately traced. Therefore, it will be

important to extend these studies with those performed in vivo,

combined with techniques for tracing afferents. Another issue

that remains to be resolved is the apparent disparity between

the electrophysiological studies described herein, demonstrat-

ing clear effects of cannabinoids on presumed CB1 receptors

in the VTA, despite receptor binding and immunohistochemical

studies that have failed to identify these receptors in this brain

region (Herkenham et al., 1991; Matsuda et al., 1993). One

possibility is that CB1 receptors are located on a small number

of afferent axon terminals impinging upon the VTA, which

nevertheless provide strong synaptic input to the DA neurons.

If this is indeed the case, then high-resolution immunohisto-

chemical studies might detect CB1 receptors at low levels in the

VTA. Clearly, more information is needed in this regard.

Although it is too early to determine whether the direct

effects of D9-THC on fast amino-acid-mediated synaptic

transmission in the NAc and VTA are related to the process

of addiction, and to the acute rewarding effects of this

ubiquitously consumed drug, the similarities between its

actions and those of other drugs on these brain areas suggest

that it is not premature to draw parallels. Furthermore, the

observations that exogenous and endogenous cannabinoids

can alter synaptic process in both the NAc and VTA suggest

that the regulation of local and distal afferent input may be

essential for the expression of reward-relevant behaviors, and

that the continued regulation of these processes by endocan-

nabinoids may contribute to addiction to several classes of

drugs. Since our neurobiological understanding of the

mechanisms of cannabinoid actions in the brain has increased

dramatically in recent years, it is likely that more precise

descriptions of the actions of D9-THC and of the endocanna-

binoids in these critical reward circuits will further our

understanding of the addictive process in the future.
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